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Flies by Night: Effects of Changing Day Length
on Drosophila’s Circadian Clock
times of behavioral activity [7, 8]. Table 1 provides a
summary of locomotor activity peaks for individual Dro-
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peaks were also evident (Table 1). Under long nightNational Science Foundation Center
for Biological Timing lengths (12 hr), morning locomotor activity began late
in the night, and peaks typically coincided with lights-Brandeis University
Waltham, Massachusetts 02454 on. However, the presence of a peak about 2 hr before
lights-on is evident in addition to the stronger peak asso-
ciated with lights-on that predominates in the mean (Ta-
ble 1).
We were especially interested in the evening peak
Summary because this locomotor maximum persists when flies
are transferred from an LD cycle into DD, whereas the
In Drosophila, two intersecting molecular loops consti- morning peak typically disappears (reviewed in [3]). The
tute an autoregulatory mechanism that oscillates with evening peak coincided with lights-off when day length
a period close to 24 hr [1, 2, 3]. These loops touch when was less than 12 hr, and it anticipated lights-off as day-
proteins from one loop, PERIOD (PER) and TIMELESS length increased. Thus, in LD 14:10, the peak occurred
(TIM), repress the transcription of their parent genes, about 1 hr earlier than lights-off; in LD 16:8, it occurred
period (per) and timeless (tim), by blocking positive 1.0–2.0 hr earlier, and in LD 18:6 it occurred about 3.5
transcription factors from the other loop. The arrival hr earlier (Figures 1E, 1F, and 1G). Under the shortest
of PER and TIM into the nucleus of a clock cell marks nights, the evening peak appeared to stabilize at about
the timing of this interaction between the two loops 14.0–14.5 hr after lights-on.
[4]; thus, control of PER:TIM nuclear accumulation is
a central component of the molecular model of clock
PER and TIM Levels Adjust to Photoperiodfunction [1, 2, 3]. If a light pulse occurs early in the
We analyzed the effects of day-length on temporal pro-night as the heterodimer accumulates in the nucleus
files of PER and TIM nuclear accumulation within keyof clock cells, TIM is degraded, PER is destabilized,
pacemaker neurons, the LNv’s, which express per andand clock time is delayed [1, 2, 3]. Alternatively, if TIM
tim along with the Pigment dispersing factor (Pdf) geneis degraded during the later part of the night, after peak
and the neuropeptide it encodes ([9]; LNv’s are reviewedaccumulation, clock time advances. Current models
in [3, 10, 11]). There are two classes of cells included instate that the effect of a light pulse depends on the
the LNv’s: small and large. With one exception (see Fig-state of the PER:TIM oscillation, which turns on the
ure 4), we saw no differences between the relative pro-changing levels of TIM. However, previous studies
files of PER and TIM accumulation in these cell typeshave shown that light:dark (LD) regimes mimicking
(data not shown). Therefore, we will emphasize the smallseasonal changes cause behavioral adjustments while
cells, in part because of their known relevance to behav-altering clock gene expression [5, 6]. This should be
ioral rhythmicity [3].reflected in the adjustment of PER and TIM dynamics.
To evaluate possible differences between the nuclearWe manipulated LD cycles to assess the effects of
accumulation of PER and TIM in the LNv’s, we con-altered day length on PER and TIM dynamics in clock
structed detailed time courses of their expression undercells within the central brain as well as light-induced
LD 8:16 and LD 16:8. Although a weak nuclear TIM signalresetting of locomotor rhythms.
was detectable under LD 8:16 4–6 hr after lights-off, the
cytoplasmic signal was far greater (Figures 1A and 1B).
Clear nuclear accumulation of TIM in LD 8:16 was evi-Results
dent 8 hr after lights-off (Figures 2A and 2B). Peak levels
of nuclear TIM accumulation occurred 10 hr after lights-Locomotor Activity Adjusts to Photoperiod
As day length varies within a 24 hr LD cycle, mammals off and decreased to undetectable baseline levels by 2
hr after lights-on (Figures 1A and 1B). This profile of TIMand insects display a correlated adjustment in peak
nuclear accumulation under LD 8:16 is similar to that
observed under LD 12:12 conditions [12].
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ington University school of Medicine, St. Louis, Missouri 63110.
erated in LD 16:8 as compared to LD 8:16 (compare5Present address: Department of Biology, University of Toronto Mis-
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Table 1. Locomotor Rhythms Whose Times of Peak Activity Adjust for Photoperiod
Photoperioda Early Peak (h  SEM)b Late Peak (h  SEM)c
LD 6:18d 20.4  0.2 (22) 6.2  0.1 (23)
LD 8:16e 22.1  0.1 (23) 8.1  0.06 (26)
LD 10:14f 23.6  0.1 (62) 9.8  0.1 (60)
LD 12:12g 0.2  0.01 (57) 11.5  0.03 (59)
LD 14:10h 0.3  0.1 (51) 13.1  0.05 (58)
LD 16:8i 0.7  0.1 (52) 14.4  0.1 (54)
LD 18:6j 0.5  0.2 (26) 14.6  0.1 (26)
a Light-Dark conditions. The 24 hr day is partitioned with hours of light on the left and hours of darkness on the right.
b The time of the activity peaks, such that “0” corresponds to lights-on. Numbers in parentheses designate the number of subjects that
displayed an early peak in locomotor activity. In LD 10:14, 12:12, 14:10, 16:8, and 18:6, the early peak was closely associated with lights-on.
In LD 6:18 and 8:16, distinct peaks were evident before lights-on in addition to the lights-on peak. Because a lights-on peak may be apprehended
to be a “startle effect” (e.g., [22, 28]), we took peaks in behavior to be the early peak whenever they could be separated from lights-on and
also occurred in  85% of the total number of subjects in a given LD condition.
c Number of subjects showing a late peak in locomotor activity (n’s in parentheses). The evening peak was associated with lights-off under
LD 6:18, 8:16, 10:14, and 12:12. When day length exceeds 12 hr, the late peak in locomotor activity preceded lights-off. All individuals showed
the late peak except for those under LD 10:14, in which condition two flies failed to display this peak (whereas all 62 showed the lights-on
peak); see middle column.
d Secondary peaks in LD 6:18 were 0.4  0.2 (16), 11.3  0.4 (12), 14.9  0.1 (14), and 17  0.2 (6).
e Secondary peaks in LD 8:16 were 0.6  0.1 (25), 13.4  0.01 (13), and 17  0.1 (9).
f Secondary peaks in LD 10:14 were 4.5  0.2 (38), 14.5  0.2 (29), and 17.4  0.2 (22).
g Secondary peaks in LD12:12 were 4.1  0.7 (6), 5.5  0.3 (18), 17.1  0.1 (5), and 20.1  0.3 (20).
h The one other peak in LD 14:10 occurred at 5.1  0.3 (22).
i The other peak in LD 16:8 occurred at 6.9  0.4 (21).
j Secondary peaks in LD18:6 occurred at 4.5  0.3 (16), 8.9  0.4 (10), and 19.1  0.6 (6).
to cytoplasmic levels, but they dropped after lights-on able in LD 18:6 but showed mainly cytoplasmic expres-
sion under conditions of LD 14:10, 10:14, and 6:18. Lev-and reached trough levels 4 hr later (Figures 2C and 2D).
els of TIM expression were highest under LD 10:14 atThus, the nuclear accumulation of TIM did not appear to
this time (Figure 2A). At 10 hr after lights-off, there wasadjust for the short night length of LD 16:8 (by accelerat-
still no TIM under the LD 18:6 photoperiod. Under LDing nuclear accumulation, for example).
14:10, nuclear accumulation of TIM was greater thanNuclear accumulation of PER was evident 6 hr after
in the cytoplasm, whereas the signal intensity in thelights-off in both LD 8:16 and LD 16:8 (Figures 1E–1H).
cytoplasm and the nucleus was equal in the two photo-However, after this time point the two photoperiods
periods with night lengths greater than 12 hr (Figureyielded different patterns of cytoplasmic and nuclear
2B). The increase of nuclear over cytoplasmic TIM inPER intensities. Under LD 16:8 nuclear PER levels
specimens taken from LD14:10 at this time point (10 hr)reached intensities that were much higher than peak
was the only result for which nuclear TIM accumulationcytoplasmic PER levels (Figure 1H). However, under LD
appeared to be accelerated relative to that seen under8:16 nuclear PER intensities did not reach such high
longer night lengths (Figure 2).levels relative to peak cytoplasmic intensities (compare
Nuclear TIM was undetectable 14 hr after lights-offFigure 1F with 1H). The high levels of relative nuclear
under LD 14:10 (Figure 2C), in accord with observationsstaining under LD 16:8 show that PER nuclear accumula-
that TIM accumulation is blunted by lights-on. At thistion increased in conditions of short night length. Under
same time-point under LD 10:14 and 6:18, levels of TIMthe short-night condition, high levels of nuclear PER
were low, but nuclear TIM levels were higher than in thepersisted for 8 to 10 hr into the day. Under both LD
cytoplasm (Figure 2C). Preparations from LD 18:6 didcycles, though, nuclear PER intensities approached
not show measurable TIM staining. Finally, at 18 hr aftertrough values by the final hour of the day (Figures 1F
lights-off TIM was undetectable under all conditionsand 1H). Thus, in contrast to TIM, the extent of PER
(Figure 2D). These results indicate that the time coursenuclear accumulation was adjusted for night-length.
of TIM disappearance is similar under any LD conditions
involving night lengths 12 hr (Figure 2B).
Direct Comparison of PER and TIM Accumulation After 6 hr in the dark, PER showed prominent nuclear
under LD 6:18, 10:14, 14:10, and 18:6 accumulation during the LD 18:6 condition. Under the
We wanted to know whether the differences observed other LD regimens, the levels of PER in the cytoplasm
in PER and TIM dynamics shown in Figure 1 would were somewhat greater than those in the nucleus (Figure
extend to other LD cycles. We compared PER and TIM 3). Nuclear PER intensity exceeded cytoplasmic levels
expression in the LNv’s from individuals reared under and remained detectable (albeit at low levels) at all other
LD 6:18, 10:14, 14:10, or 18:6 and evaluated brains from time points for the specimens from LD 18:6 (Figure 3).
each of these photoperiods at six different time points Flies maintained in LD 14:10 showed high levels of
(Figures 2 and 3). nuclear PER 10 hr after lights-off (Figure 3B). Meanwhile,
Both PER and TIM were barely detectable both at specimens taken from LD 10:14 and LD 6:18 also
lights-off and 2 hr later in all four photoperiods (data showed prominent nuclear PER with strong, but lower,
cytoplasmic expression (Figure 3B). At 14 hr after lights-not shown). At 6 hr after lights-off, TIM was still undetect-
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Figure 1. Diel Time Course of TIM and PER Expression in Small LNv Cells under LD 8:16 and 16:8
(A) Typical optical sections of such small ventral lateral neurons, stained for PDF and TIM under LD 8:16. Numbers above each optical section
refer to hours after lights-off. The scale bar represents 5 M.
(B) Quantification of cytoplasmic and nuclear TIM staining in small LNv’s under LD 8:16 (mean values  SEM; obtained as described in the
Experimental Procedures).
(C) Typical optical sections of small LNv’s stained for PDF and TIM under LD 16:8.
(D) Quantification of cytoplasmic and nuclear TIM staining in this neuronal cell type under LD 16:8 as a function of time after lights-off.
(E) Typical optical sections of these neurons, stained for PDF and PER under LD 8:16. Numbers above each optical section refer to hours
after lights-off. The scale bar represents 5 M.
(F) Quantification of cytoplasmic and nuclear PER staining in small LNv’s s under LD 8:16 (means  SEM), obtained as described previously [12].
(G) Typical optical sections of small LNv’s stained for PDF and PER under LD 16:8.
(H) Quantification of cytoplasmic and nuclear PER staining in this neuronal cell type under LD 16:8 as a function of time after lights-off. Four
to five brains were used for each time point shown here and in Figures 2 and 3.
off, PER was predominantly nuclear under both LD 14:10 sistent with the view that nuclear PER accumulation
adjusts for night length.and LD 10:14 (Figure 3C). Finally, at 18 hr after lights-
off, nuclear PER levels were low and predominantly nu- As opposed to the other conditions we studied, under
LD 18:6 the large LNv’s differed dramatically from theclear for all of these LD cycles (Figure 3D). The patterns
of PER expression under these photoperiods were con- small ones with respect to TIM expression. (Figures 4A–
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Figure 2. Comparisons of TIM Expression at Varying, Relatively Lengthy Times after Lights-off
(A) Representative micrographs and quantifications (means  SEM) of staining at 6 hr after lights out under four different photoperiods. The
scale bar represents 5 M. Bars below the histogram correspond to the night length that defines the cycle for the respective specimens. The
arrowhead gives the sampling time with respect to lights-off in each condition. (This convention is used for panels [B], [C], and [D] as well)
(B) Representative micrographs and quantifications of staining at 10 hr after lights-off.
(C) Representative micrographs and quantifications of staining at 14 hr after lights-off.
(D) Representative micrographs and quantifications of staining at 18 hr after lights-off.
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Figure 3. Comparisons of PER Expression at Varying, Relatively Lengthy times after Lights-off under LD 18:6, 14:10, 10:14, and 6:18
(A) Representative micrographs and quantifications (means  SEM) of staining at 6 hr after lights-off under four different photoperiods. The
scale bar represents 5 M. Bars below the histogram correspond to the night length that defines the cycle for the respective specimens. The
arrowhead gives the sampling time with respect to lights-off in each condition. (This convention is used for panels [B], [C], and [D] as well)
(B) Representative micrographs and quantifications of staining at 10 hr after lights-off.
(C) Representative micrographs and quantifications of staining at 14 hr after lights-off.
(D) Representative micrographs and quantifications of staining at 18 hr after lights-off. Unfortunately, the specimens taken for LD 6:18 were
lost during preparation of this time point.
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4D). Whereas TIM was virtually absent in the small cells Discussion
under LD 18:6, the large LNv’s managed to express low,
but obvious, levels of TIM by 6 hr after lights-off (Figures Nuclear accumulation profiles of PER and TIM respond
in qualitatively different ways to changes in day length.4A and 4B). Thus, under LD 18:6 the large cells ex-
pressed a TIM rhythm, whereas small cells did not; how- The pattern of TIM accumulation during the early night
was very similar within the range of photoperiods testedever, PER was clearly rhythmic in both types (Figures
4C and 4D). These results indicate that, within a given here; TIM levels were negligible at lights-off, cyto-
plasmic levels peaked by about 6 hr later (Figures 1 andcell, PER can be expressed rhythmically and accumulate
in the nucleus without detectable TIM levels in either 2A), and obvious nuclear TIM was evident by 8–10 hr
after lights-off (Figures 1 and 2B). During night lengthscellular compartment.
longer than 10 hr, TIM levels begin to fall by 12 hr after
lights-off. Under LD 10:14, 8:16, and 6:18 (Figures 1A,
Clock Resetting by Short Light Pulses Is Not 1B, and 2), TIM profiles indicate that expression is not
Modulated by Photoperiods altered by increased night length. Thus, under night
Current models of clock function in Drosophila predict lengths longer than 12 hr, nuclear TIM begins to wane
that the extent of PER and TIM accumulation should in anticipation of dawn. A dramatic exception to this
determine the effect of a short light pulse on the loco- pattern was discovered in very short night conditions.
motor rhythm [2, 13–15]. Accordingly, the observed With only 6 hr of darkness, no TIM immunoreactivity
changes—caused by LD cycle manipulations—in accu- was detected in the small LNv’s during the night (Figures
mulation profiles of PER and TIM should be correlated 1 and 2).
with a change in the effect of light pulses delivered Unlike TIM, nuclear accumulation of PER reflected the
during the night, when light pulses typically produce environmental photoperiod. For instance, whereas PER
delays or advances [2, 8]. immunoreactivity reached peak values by 8 hr after
To address this, we generated standard phase re- lights-off under LD 8:16 (Figures 1G and 1H), under LD
sponse curves (PRC’s) but delivered the relevant light 16:8 peak values were not reached until 10 hr after lights-
pulses after the flies had been exposed to varying LD off, meaning that PER’s accumulation extended into the
regimes. Would the shapes of these PRC’s vary ac- day (Figures 1G and 1H, cf. [16]). Nuclear PER was
cording to the different clock-protein dynamics ob- clearly increased in the small LNv’s under short-night
served at night in the varying LD cycles? The key consid- conditions. Such compensatory PER accumulation was
eration is that the state of the cellular clock was apparent in all of the photoperiods we examined. The
determined by a given LD condition. Because resetting net effect of this adjustment was the attainment of simi-
pulses are administered after lights-out (see Experimen- larly low levels of nuclear PER by the end of the day for
tal Procedures) and the flies had no way of “knowing” all the photoperiods tested (Figures 1E and 3D). Given
that the lights would not come on again, the differences the suggestion that the decline in PER levels allows the
in PER and TIM nuclear accumulation we observed dur- resumption of per and tim transcription (reviewed in [1,
ing the night times in LD 18:6, 16:8, and 8:16 suggest 2, 3]), such adjustment of PER levels would ensure that
correlated changes in behavioral resetting responses the relief of repression occurs in anticipation of lights-
during the night time interval. off, under a wide range of LD cycles. Thus, nuclear
Contrary to such expectations, the PRC’s shown in accumulation profiles of PER and TIM are different both
Figure 4 are remarkably similar to one another. Although within and between the photoperiodic regimes exam-
TIM profiles are about the same during the first 8 hr of ined here.
the lights-off interval under LD 8:16 and LD 16:.8, TIM Our results cast further doubt (cf. [12]) on the require-
expression varied between the small and large LNv’s ment of TIM for PER nuclear entry and stability (see [2,
under LD 18:6 (Figures 4A and 4B). TIM was barely de- 14, 15] for reviews of the standard model). For example,
tectable during the first 6 hr under LD 18:6 in the small in LD 16:8 PER levels continue to rise steeply during the
cells, whereas nuclear TIM appeared to accumulate in 2 hr after lights-on (Figure 1H) even as TIM levels are
the large cells. However, the form of the PRC is rather falling (Figure 1D). This finding differs from the observa-
well preserved in the context of all three of these varying tions of Rothenfluh et al. [17], who commented on the
prepulse LD regimes (Figures 4E–4G). The delay phase longevity of PER after it had accumulated in a tim mutant
of the PRC after LD 18:6 differed in that no delay was background. Moreover, one study has shown that in
evoked by a light pulse during the first 2 hr after lights- conditions of constant light, per mRNA and protein con-
off in this curve (Figure 4G), whereas the other curves tinue to be rhythmic, whereas no rhythmicity is evident
show delays in response to light at this time point. in the products of timeless [16]. Furthermore, recent
Some caution is required in the interpretation of the work by Ashmore et al. [18] suggest that PER is not
data shown in Figure 4. Under extreme photoperiods required for TIM nuclear transport but rather prevents
(i.e., LD 18:6) TIM expression breaks down in the small the export of TIM from the nucleus once it has entered.
cells, and this correlated with an anomaly in the delay Thus, our results are inconsistent with the proposal of
portion of the subsequent PRC. Nevertheless, the overall an obligate heterodimer for nuclear accumulation [19]
organization of the PRC in its delay, advance, and no- and with the suggestion of a requirement for stoichio-
response zones is largely unaffected. This suggests a metric amounts of TIM to avoid degradation [20].
rather complex relationship of PER and TIM expression Our data suggest that TIM and PER rhythms need not
(within and between the LNv’s) to the components of occur in the same cell. Under the 6 hr night condition,
the PRC. small LNv’s did not express detectable levels of TIM,
yet they show a measurable oscillation in nuclear PER
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Figure 4. Summary of TIM and PER Comparison Data for LD 18:6 in Two Categories of LNv’s and Effects of Photoperiod on Clock Resetting
(A) Typical optical sections of large (top two rows) and small (bottom two rows) LNv’s stained for PDF and TIM. The scale bar represents
5 M.
(B) Quantification (means  SEM) of nuclear TIM levels in the large and small LNv’s as a function of hours after lights-off.
(C) Typical optical sections of large (top two rows) and small (bottom two rows) LNv’s stained for PDF and PER.
(D) Quantification of nuclear PER levels in the large and small LNv’s as a function of hours after lights-off. Within the same specimens under
LD 18:6 conditions, the large LNv’s express detectable TIM, indicating that the lack of TIM signal in the small cells is not a technical artifact.
(E–G) The phase response curves (PRC’s) shown here reflect resetting of the circadian pacemaker underlying locomotor activity rhythms.
After exposure to one of three kinds of LD cycles for 4–5 days, flies were released into DD. A 10 min light pulse was administered at 2 hr
intervals during the first 24 hr after lights-off, plotted on the horizontal axis (the time-0 data are replotted at time 24). Advances in the pulsed
group are plotted as positive, and delays are plotted as negative. The asterisks indicate a statistically significant difference from the no-pulse
group (p  .01). (E) PRC after exposure to LD 8:16. The number of individuals in each group are as follows: no-pulse (n  27), times 0  24
(n  23), 2 (n  29), 4 (n  28), 6 (n  29), 8 (n  22), 10 (n  27), 12 (n  31), 14 (n  22), 16 (n  25), 18 (n  24), 20 (n  26), and 22 (n 
23). (F) PRC after exposure to LD 16:8: no-pulse (n  20), 0  24 (n  19), 2 (n  23), 4 (n  20), 6 (n  21), 8 (n  21), 10 (n  24), 12 (n 
18), 14 (n  24), 16 (n  25), 18 (n  22), 20 (n  24), and 22 (n  23). (G) PRC after exposure to LD 18:6: no-pulse (n  21), 0  24 (n  25),
2 (n  27), 4 (n  21), 6 (n  23), 8 (n  19), 10 (n  26), 12 (n  19), 14 (n  22), 16 (n  19), 18 (n  21), 20 (n  28), and 22 (n  27). Within
the same specimens under LD 18:6 conditions, the large LNv’s express a detectable TIM (A and B), indicating that the lack of TIM signal in
the small cells is not a technical artifact.
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imately 600 lux within the incubator. The intensity during the 10 minaccumulation (Figure 4). The differences we observed
pulses of light administered to determine a phase response curvebetween cells suggest that the functional role of these
(PRC) was approximately 1300 lux. The methods for PRC determina-molecules depends on their cellular context. Just as
tion were similar to those applied previously [26, 27].
timing mechanisms may differ between peripheral and
central circadian clocks [3, 21], so it is possible that Immunocytochemistry
data obtained from whole-head homogenates might not The dissection protocol, immunohistochemical methods, and anti-
sera were identical to those described in Shafer et al. [12]. Theapply to the regulation of behavior, especially in light of
analysis of immunohistochemical data was similar to this earlierthe fact that most of the relevant proteins assayed in
study. However, The mean intensity values reported here are uni-these experiments likely come from the compound eye.
formly lower than those in Shafer et al. [12]. This is due to a lowerIn this regard, it is worth noting the recent demonstration
laser excitation level (higher neutral density filter) used in this study.
that the small and large LNv’s could be differentially Unsubtracted values in the previous study reached levels very near
regulated based on their respective light input pathways the current maximum intensity of 255. Here, we sought to detect
possible differences in PER or TIM levels between different LD re-[22, 23].
gimes, so we reduced the intensity of signal readout to avoid missingTIM levels were dramatically truncated in the short
differences at times of peak protein expression.night lengths, whereas PER was present in the nucleus
throughout the day. TIM’s sensitivity to night length
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